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Follow these steps to earn credit: THE SUCCESS OF palpation as a clinical tool for the diagnosis of diseases is based heavily on the fact that many disease processes are known to be associated with significant changes in tissue mechanical properties. For example, it is known that many malignant breast cancers are significantly stiffer than benign tumors and healthy fibroglandular tissue. It is also known that the end stage of many liver diseases is cirrhosis of the liver, which results in the liver becoming very hard and nodular. While the ability to detect tissue changes associated with the advanced stage of a disease can be useful for the definitive diagnosis of the disease, more beneficial is the ability to detect tissue changes during the early stages of a disease while the prognosis for treatment is more favorable. The early detection of most cancers, for example, can result in treatments with more favorable outcomes than when the disease is detected at a later stage (1) . Unfortunately, due to its qualitative nature and limitation to tissue directly palpable by the physician, palpation by itself has not proven to be a sensitive enough technique to provide this early-stage assessment for many diseases. The development of elastographic imaging techniques using ultrasound, optical, and magnetic resonance techniques has come partly from a desire to ''palpate by imaging'' and thus to improve upon this well-established technique (2) (3) (4) . Elastographic imaging is used to image the response of tissue to intrinsic and extrinsic stresses, and by analyzing the induced tissue motion, images of qualitative and quantitative measures of tissue mechanical properties (e.g., strain and stiffness) can be produced. While ultrasoundbased techniques have provided significant contributions to the field of elasticity imaging for many years (4) , the purpose of this manuscript is to review some developments of MR elastography (MRE) and to highlight some recent work which may offer significant clinical utility in the future. However, frequent reference is also made to work incorporating techniques such as ultrasonic imaging, mechanical testing, and biorheology which help to add perspective these MRE results.
REVIEW OF MRE METHODOLOGY
Quantitative elastographic imaging can be considered to consist of 3 steps. The first step is to apply a stress or a source of motion that deforms the tissue. This stress can either come from an internal source, such as heart motion or pulsation of a blood vessel, or from an external, artificial source and the stress may be transient or time harmonic. The second step is to image the tissue response to this stress. This is typically done by measuring tissue displacement or velocity, and numerous ways have been implemented for doing this using ultrasonographic, MRI, and optical techniques. The third step is to use an (inversion) algorithm to process the data to generate images (or elastograms) of tissue mechanical properties.
While several static, quasistatic, and dynamic MR elastographic techniques have been developed (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) , the most common form of MR elastographic imaging is dynamic MRE (11, 12) (Fig. 1 ). In this method, time-harmonic motion at one or several acoustic frequencies (typically below approximately 200 Hz) is introduced into the body through an external vibration system consisting of electromechanical voice coils, piezoelectric bending elements, or pneumatically powered actuators (15, 16) . The motion of the tissue is recorded using a 1-, 2-, or 3-D phase-contrast MR imaging pulse sequence, which can include gradient-echo (GRE), spin-echo (SE), echo-planar imaging (EPI), and balanced steady-state free precession (bSSFP ) techniques (Fig. 2) . The motion is synchronized with the pulse sequence and the pulse sequence is modified to include additional motionencoding gradients (similar to flow-encoding gradients in MR angiography). One acquisition produces an image of the component of the true vector tissue motion that is in the direction of the motion-encoding gradients (frequently referred to as a phase, wave, or displacement image). The relative timing (or phase offset) between the motion and motion-encoding gradients is adjusted from one acquisition to another to acquire a series of images of the wave field at different time points, and the direction of the motion-encoding gradients can be changed in subsequent acquisitions to record the full vector motion within the tissue. The temporal and spatial characteristics of the wave field are then studied to provide a meaningful inversion of the wave data to form an image of the tissue mechanical properties.
Numerous inversion algorithms for MRE data have been developed over the years based on different assumptions about tissue anisotropy, viscosity, and boundary effects (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) . Many of the approaches to inverting dynamic MRE data assume that the tissue can be modeled, at least in local regions, as a linear, isotropic, homogeneous viscoelastic solid undergoing infinitesimal motion absent any body forces. The wave equation for such a material can be written in the temporal-frequency domain as:
where U(r,f) is the vector displacement field within the object at the position vector r and frequency f; L(f)
and G(f) are the frequency-dependent, complex-valued Lam e constants characterizing the viscoelastic material properties of the object; r is the density of the material (typically assumed to be 1000 kg/m 3 for soft tissues); v ¼ 2pf; and !, !, and ! 2 are the gradient, divergence, and Laplacian operators, respectively (4, 36, 37) . This wave equation allows for two types of wave propagation: compression/longitudinal waves and shear/ transverse waves. Compression waves in soft tissues in the frequency range typically used for MRE propagate with a very high velocity (around 1540 m/s, primarily affected by L) that varies little between different types of tissue. The shear wave velocity (related to the shear modulus G), on the other hand, is typically around 1-10 m/s and can vary significantly between different types of tissue (38, 39) , thus making the shear properties of tissue more desirable targets for elastographic imaging than the compressional properties.
The presence of compression waves in MRE wave images can confound the desired measurement of the viscoelastic shear properties of tissue. While in theory the wave equation (Eq. [1] ) can be solved for both Lam e constants simultaneously, for example by directly inverting the wave equation or incorporating the full wave equation into a finite-element model, the fact that the shear and longitudinal wave speeds (and consequently the two Lam e constants) are orders of magnitude different from each other for tissue makes it impractical to accurately solve for both at the same time (20, 22, 23, 30, 31, 38, 40) . Therefore, some effort is usually taken to try to remove the compressional wave motion from MRE data before calculating the shear modulus. The ideal method for the removal of longitudinal wave motion is to calculate the curl of the displacement field first, as (from Eq. [1] ) the curl of the displacement field C(r,f) satisfies a simple Figure 2 . MRE pulse sequence diagrams are shown depicting the RF pulses; gradients in the frequency-encoding, phaseencoding, and slice-select directions; and the applied motion (RF, Gx, Gy, Gz, and M, respectively). On the left is a GRE MRE sequence for imaging 60-Hz mechanical motion using a 16.7-ms gradient-moment-nulled (GMN) motion-encoding gradient (MEG) applied along Gz. On the right is a SE-EPI MRE sequence for imaging 60-Hz motion using 2 bipolar 6.5-ms MEG, 1 on each side of the refocusing pulse and synchronized to the motion. Both sequences are shown with GMN imaging gradients and spatial presaturation pulses. Figure 1 . The diagram on the left depicts an MRE experiment performed on a 2-layer bovine gelatin phantom made of a stiff gel and a soft gel. The phantom rests on a plastic drum driver supplied with time-harmonic pressure variations that flex the membrane of the driver. As the phantom shakes up and down, shear waves are produced at the edge of the phantom (due to inertial effects) that propagate into the phantom. The phantom was imaged in the coronal imaging plane. The middle image shows a wave image from an MRE acquisition performed with motion encoding in the through-plane direction. The difference in the shear wavelength in the two regions is evident with the wavelength being longer in the stiff region. The image on the right is an elastogram of the phantom indicating the stiff and soft regions. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Helmholtz equation:
In practice, calculating the curl can amplify noise in the measured data and requires 3D measurements of all 3 components of the motion, which may take a prohibitively long time to acquire for some applications.
In tissue, compression waves have a much longer wavelength than shear waves. Therefore, a more flexible, though sometimes less effective, alternative to calculating the curl to remove the compression waves is to use a highpass filter to suppress the low-frequency compression waves while preserving the highfrequency shear waves. While the spectral nature of the wave data and the characteristics of the filter may prevent a perfect separation of the two types of wave motion, thus biasing the inversion results, this type of filter can be applied to datasets without sufficient information for the curl operation to be performed (such as 2D data or data with only 1 motion-encoding direction). It is also important to note that if only 2D data are acquired, there is an implicit assumption that the shear waves are propagating wholly within the selected imaging slice. Any obliquity between the wave propagation direction and the orientation of the imaging slice leads to a bias in the estimation of the mechanical properties of the tissue because the apparent wave propagation differs from the true wave propagation.
The shear wave velocity c s is related to the complex shear modulus G by:
where |G| and R(G) indicate the magnitude and real part of the complex-valued quantity G, respectively (20, 37, 41) . The shear wave speed equation reduces to rc 2 s ¼ G if the material is purely elastic and thus has zero viscosity (i.e., I(G) ¼ 0, where I(G) is the imaginary part of G). In a typical viscoelastic material which exhibits attenuating and dispersive characteristics, the shear modulus is dependent on the frequency of motion in the object and is thus a function rather than a single value.
In the literature, several different forms of the viscoelastic properties of tissue are reported. Some inversion algorithms calculate only local wavelength or wave speed (e.g., the local-frequency estimation (LFE) and phase-gradient algorithms (17)), which is related to the complex shear modulus by means of Eq. [3] . The wave speed itself can be reported as the measure of tissue mechanical properties, as is done in several ultrasound elasticity techniques (4). The wave speed can also be reported as an effective shear stiffness, defined as rc 2 s , which represents the shear modulus of a purely elastic material that exhibits the observed wave speed. In tissue exhibiting only a modest amount of attenuation, this is not too different from the real part or the magnitude of the complex shear modulus. Other algorithms (e.g., direct inver-sions of the differential equations and finite-element models (17, 20, 22, 23, 30, 31) ) can truly recover the complex shear modulus, which can be used to report both the elastic and viscous properties of the tissue. If MRE is performed at multiple frequencies, then the calculated wave speeds or complex shear moduli at the different frequencies can be fit to a rheological model, such as the Voigt model or a spring-pot model, to obtain additional information about the tissue (26, (42) (43) (44) (45) . While determining the multifrequency viscoelastic properties of tissue offers a more detailed description of the tissue, it is not clear if there is a significant clinical benefit to this information. For example, a significant decrease in brain tissue stiffness in patients with normal pressure hydrocephalus compared with normal volunteers has been observed with both single-and multifrequency MRE measurements (46) , and the ability to differentiate grades of hepatic fibrosis is comparable using single-and multifrequency MRE (47) .
HEPATIC MRE
The liver can respond to direct or indirect injury with the development of inflammation and fibrosis, which can eventually develop into cirrhosis (48) (49) (50) . Liver cirrhosis, which has a 50% 5-year mortality, is characterized by a loss of liver function and the liver becoming very firm and nodular. Cirrhosis can also cause additional complications such as ascites and varices. There are numerous causes of liver fibrosis including fatty liver disease, chronic viral infections, alcohol abuse, and autoimmune disorders. Studies have shown that patients with various liver diseases can reverse the impact of the disease on the liver with treatment (51, 52) , so monitoring the changes of the liver is important not only for fibrosis and inflammation staging, but also for gauging the success of treatment. Currently, liver biopsy is the gold standard for assessing hepatic fibrosis, but it has been shown to have significant risks for patients, as it is an invasive procedure, and it is also subject to sampling errors (53, 54) . Therefore, several noninvasive imaging techniques have been developed to help diagnose and stage hepatic fibrosis (55, 56) .
Transient ultrasound elastography (TUE, Fibroscan) has emerged as a useful tool for the assessment of liver fibrosis (57, 58) . The technique uses a combination force and ultrasound probe which is capable of delivering a brief mechanical excitation and imaging the internal tissue displacement due to the pulse. The propagation of the induced wave front can be studied to yield the shear wave speed (or equivalently the shear/Young's modulus or shear stiffness) of the tissue. Applied to liver imaging, TUE has shown a correlation between liver stiffness and the degree of liver fibrosis (57, 59, 60) . While TUE is a simple, fast, and inexpensive procedure, it has also suffered from several limitations, namely that the technique is limited to imaging within an acoustic window through an intercostal space, it only samples a small portion of the liver (at a depth of 2.5-4.5 cm within the liver below the acoustic window), and it has difficulty producing sufficient displacement of the liver in obese patients and in patients with ascites (57, 61) .
MRE has also been pursued with great interest recently as an alternative or complement to TUE. In several animal models, MRE has shown a correlation between liver stiffness and the degree of hepatic fibrosis (21, (62) (63) (64) . In one of these studies, intraperitoneal injections of carbon tetrachloride were used to induce hepatic injury and fibrosis in rats (62) . In another study, a mouse model of autosomal recessive polycystic kidney disease was used to produce progressive hepatic fibrosis (21) . In both of these studies, hepatic stiffness correlated with fibrosis extent assessed with picrosirius red staining which indicated that MRE-based hepatic stiffness measurements could be useful for staging and monitoring hepatic fibrosis development.
Several patient studies investigating the capability of MRE for staging liver fibrosis and comparing MRE to TUE have shown that MRE performs as well as or better than TUE while incorporating more liver tissue and not being as limited by obesity and ascites (47, (65) (66) (67) (68) (69) (70) (71) (72) (73) (74) . For example, ROC analysis in one such study of 35 normal volunteers and 50 patients indicated that MRE had a 98% sensitivity and a 99% specificity for differentiating normal livers from all grades of liver fibrosis, and had a 86% sensitivity and a 85% specificity for differentiating patients with mild fibrosis from those with moderate and severe fibrosis (66) . One recent application of dynamic hepatic MRE has been as a surrogate for liver biopsy to assess fibrosis in patients with arthritis and other inflammatory diseases undergoing treatment with methotrexate (MTX), which is known to be linked to liver toxicity and is normally monitored with routine biopsies (75) (76) (77) . As a complement to dynamic MRE, a quasistatic MR tagging technique has also been shown to have potential as a means to measure fibrosis. In a study by Watanabe et al, 22 patients were imaged using a cine-tagging technique which measured the natural deformation of the liver at several time points between full inspiration and full expiration (i.e., no external source of vibration was required) (78) . The deformation data were used in an analysis to calculate the ''bending energy'' of the tissue, a qualitative measure of the strain of the tissue drawn from an analogy of the bending of thin sheets. While not a direct measure of tissue mechanical parameters, the results indicated that the strain was significantly larger (indicating softer tissue) in the patients with F0 fibrosis than in patients with F1 or greater fibrosis. In studies using a similar MR tagging technique to measure cardiacinduced strain in the liver, normal subjects have demonstrated significantly higher hepatic strains than patients with cirrhosis (79, 80) . Figure 3 shows MRE examinations performed in 2 subjects. The images in the top row are of a healthy volunteer with no known liver disease. The images in the bottom row are of a patient with steatohepatitis and biopsy-proven fibrosis and inflammation. The patients were imaged in the axial plane while lying supine with 60-Hz vibrations applied to the abdominal wall by means of a pneumatic actuator placed on the rib cage, as performed by Yin et al (66) . The shear wavelength in the fibrotic liver is much longer than it is in the healthy liver, and the elastograms show that the fibrotic liver is much stiffer than the healthy liver. Figure 3 demonstrates the sensitivity of MRE to diffuse liver disease. Hepatic stiffness is also increased by other pathological properties such as necroinflammatory activity (81) (82) (83) (84) (85) . Recently, it has been shown that elastography is sensitive to the initial inflammation and cell injury that results in some diseases before the actual development of fibrosis. Results from an MRE study of a rat model of nonalcoholic steatohepatitis (NASH) induced using a cholinedeficient diet showed that hepatic stiffness increased before the development of fibrosis and correlated with myofibroblast activation (85) . A prospective study involving 12 normal volunteers and 64 patients with chronic liver disease evaluated with MRE reported a significant difference in the mean stiffness of nonfibrotic liver tissue with and without inflammation (3.46 versus 2.8 kPa, respectively, P ¼ 0.002) (86) . In a study of 22 patients being evaluated as potential liver donors, a correlation between biopsy-detected inflammation and MRE-assessed liver stiffness was observed (87) . The mean liver stiffness of the tissue with inflammation was significantly higher than for the normal tissue (3.28 versus 2.15 kPa, P < 0.0001).
The preponderance of the current MRE and US elastography literature indicates that hepatic stiffness is affected by fibrosis and necroinflammatory effects, while steatosis alone has little effect (81, 85, (88) (89) (90) . The parallel effects of necroinflammation and fibrosis on hepatic stiffness are fortuitous in that they promote early detection of nonalcoholic steatohepatitis with MRE (88) . Further research is needed to ascertain whether it may be possible to differentiate the effects of necroinflammatory activity and fibrosis with MRE techniques, such as through the use of rheologic models.
While a significant health problem of its own, cirrhosis of the liver is also linked to the development of hepatocellular carcinoma (HCC), which has a high mortality risk worldwide (91, 92) . Improved techniques for diagnosing and monitoring hepatic tumors could offer significant benefits for managing this disease. While several MRI, CT, and ultrasound techniques currently exist for diagnosing HCC, incorporating additional information about the mechanical properties of suspicious lesions may improve the ability to help differentiate malignant from benign hepatic lesions. In a preliminary study investigating the properties of hepatic lesions, malignant liver tumors were shown to be significantly stiffer than benign tumors and fibrotic and normal hepatic tissues (93) . This study of 44 lesions included 14 metastasis, 12 HCCs, 5 cholangiocarcinomas, 1 hepatic adenoma, 9 hemangiomas, and 3 focal nodular hyperplasias. It was found that a stiffness threshold of 5 kPa could be used to differentiate the malignant tumors from the benign tumors, suggesting that MRE may have promise for differentiating benign from malignant liver neoplasms. In a similar study using acoustic radiation force impulse (ARFI) elastography to measure the shear wave speed in 60 focal hepatic lesions, a cut-off of 2 m/s (i.e., a shear stiffness of 4 kPa) provided a positive predictive value and specificity of 89% and 81%, respectively, for discriminating these lesions (94) . In other studies, viscosity has been shown to be an indicator of hepatic tumor malignancy. In a study of 76 patients with 79 tumors (42 benign, 37 malignant), the loss modulus of the benign tumors (0.99 6 0.63 kPa) was significantly lower than for the malig-nant tumors (1.97 6 1.44 kPa; P < 0.001) (95) . In another study of 100 liver tumors (40 benign and 60 malignant in 63 patients), it was shown that the viscosity information obtained using MRE offered improved diagnostic accuracy over just stiffness information or contrast enhancement information alone (area under the ROC curve (AUC) ¼ 0.81, 0.72, 0.68, respectively) (96) .
Chronic liver disease can also affect normal physiology in several ways due to the complex interaction between the liver, spleen, pancreas, and gastrointestinal tract by means of the hepatic portal system. For example, the development of portal hypertension can lead to splenomegaly, gastroesophageal varices, and a significant risk of hemorrhages (97) . TUE has been used to investigate the link between hepatic stiffness, portal hypertension, and esophageal varices (98) (99) (100) (101) . In these studies, increased hepatic stiffness was correlated with increased central venous pressure, significant portal hypertension (assessed with the hepatic venous pressure gradient), and high-grade esophageal varices. While in one preliminary MRE study of 16 healthy volunteers, splenic stiffness was not well correlated with hepatic stiffness or arterial blood pressure (102), another study involving 12 normal subjects and 38 patients observed a significant correlation between hepatic and splenic stiffness that may be indicative of the response of the spleen to an increase in portal pressure (103) . Other preliminary research has demonstrated a dynamic component of hepatic stiffness that, while not changing in healthy subjects, is significantly increased postprandially in patients with advanced liver disease which may also be indicative of abnormal regulation of portal blood flow (104) (105) (106) . The ability to measure hepatic and splenic stiffness using MRE could result in a noninvasive method for assessing portal hypertension and monitoring changes in portal pressure during disease progression and treatment.
BREAST MRE
Breast cancer is the most frequently diagnosed type of cancer in women, and the second leading cause of cancer deaths in women after lung cancer (107) . The 5-year relative survival rate for women with breast cancer is well over 90% when diagnosed at a localized stage, but is significantly lower at more advanced stages (107) . This emphasizes the importance for the early diagnosis and staging of breast cancer. While mammography is the only imaging technique recommended for routine breast cancer screening, mammography has limited sensitivity and specificity, especially in certain groups of women with mammographically dense breast tissue (108). Contrast-enhanced MRI (CE-MRI) is recommended for breast cancer surveillance of certain populations of high-risk women, and the sensitivity of the technique has been reported to be nearly 100%. However, the specificity of CE-MRI for breast cancer is still low, which results in a large number of unnecessary biopsies being performed (108-110). Because it is known from mechanical studies that many malignant breast lesions are significantly stiffer than benign lesions and healthy fibroglandular tissue (111, 112) , MRE and ultrasound elastography have been investigated as supplemental techniques for obtaining additional important information about tissue stiffness in vivo and noninvasively which can be used to improve the overall diagnostic accuracy of breast examinations.
Several ultrasound elastography studies have been performed to determine the benefit of including elasticity information with conventional x-ray and ultrasound mammography examinations to improve breast cancer diagnosis. In one study of 111 women, realtime freehand elastography was found to have comparable diagnostic performance to ultrasound mammography (113) . Similar diagnostic accuracy was found in a study of 193 women with 129 benign lesions and 64 malignant lesions in which ultrasound elastography had a sensitivity, specificity, and AUC of 96.9%, 76%, and 0.884, respectively, while for B-mode ultrasound using BI-RADS classification they were 57.8%, 96.1%, and 0.820, respectively (114) . In another study of 232 patients, ultrasound elastography was found to be better than ultrasonography and comparable to mammography for differentiating benign and malignant lesions. The combination of ultrasonography and ultrasound elastography together yielded the best results for detecting cancer with a sensitivity of 90% and a specificity of 96% (115) . In a study of 100 women with nonpalpable breast masses, ultrasound elastography and conventional ultrasonography were found to have comparable diagnostic performance (116) . Using a technique called supersonic shear imaging (SSI), the stiffness of malignant lesions was found to be significantly higher than for benign lesions in a study of 46 women with 48 lesions (28 benign, 20 malignant) (117) .
Preliminary studies with MRE have also shown the potential for using MRE to improve breast cancer diagnosis. In an early study involving 6 healthy women and 6 patients with known breast cancer, MR elastograms depicted breast carcinomas as regions of high shear stiffness that were, on average, approximately 4 times stiffer than the surrounding fibroglandular tissue (118) . In a similar study involving 15 healthy volunteers, 15 patients with malignant tumors, and 5 patients with benign lesions, malignant lesions were found to be significantly stiffer than benign lesions, normal breast parenchyma, and adipose tissue (119) . Early work looking at the correlation between MRE and CE-MRI in a study involving 20 patients showed good distinction between benign and malignant lesion stiffness which agreed with the morphologic and dynamic data (120) . A more recent study involving 68 patients with 39 malignant lesions and 29 benign lesions, and using a more sophisticated elastographic inversion algorithm, reported that while CE-MRI alone had a sensitivity of nearly 100%, but a specificity of 40% and an AUC of 0.88, the elastography results alone provided an AUC of approximately 0.91, and the combination of CE-MRI and MRE resulted in an AUC of around 0.96 (28) . A similar prospective study of 57 patients with lesions previously detected by palpation, mammography, ultrasonography, or MRI, (57 total lesions, 37 malignant) found that improved diagnostic accuracy could be achieved using a combination of MRE and CE-MRI compared with using just CE-MRI (AUC ¼ 0.96 versus 0.93) (121).
In Figure 4 , an MRE exam was performed on a patient with an invasive ductal carcinoma as described in Sinkus et al. (28) . The MRE data were collected with the patient lying in the prone position with bilateral transducers for the mechanical vibration positioned against the superior and inferior aspects of the breast. Vibrations were supplied at 85 Hz and the acquisition was performed using a 2-mm isotropic volume 128 Â 128 Â 14 mm. The MRE analysis indicated that the carcinoma was significantly stiffer and more liquid-like than the normal fibroglandular and adipose tissues.
SKELETAL MUSCLE MRE
Muscle undergoes several active and passive changes in mechanical properties during normal function, and changes in these properties can be associated with certain conditions, like stroke and Parkinson's disease (122, 123) . In vivo assessments of muscle mechanical properties could have applications for sports training, physical therapy, and monitoring disease progression and response to treatment. Current results involving MRE and ultrasound-based assessments of muscle stiffness have highlighted the diverse behavior of the properties of muscle that must be understood to gauge the impact of various diseases. Numerous ultrasound-based muscle elasticity imaging techniques have been developed to image various muscle groups under different amounts of loading and to explore muscle viscosity, dispersion, and anisotropy (124) (125) (126) (127) (128) (129) (130) (131) (132) (133) (134) . These ultrasound techniques have the advantage of being very rapid and allowing significant flexibility in how they can interrogate the muscle. However, they are also limited in that they are not able to measure the full 3D vector motion of the tissue.
Early work in the study of skeletal muscle with MRE showed a linear relationship between muscle stiffness and muscle tension in muscles undergoing passive and active contractions (135) (Fig. 5 ), variations in stiffness between different muscles (136, 137) , and anisotropic stiffness in ex vivo bovine muscle tissue (44) . In a study involving 8 control subjects and 6 subjects with various lower-extremity neuromuscular dysfunctions (paraplegia with spasticity, paraplegia with flaccidity, and poliomyelitis), MRE determined that the relaxed muscle stiffnesses of the tibialis anterior, medial and lateral gastrocnemius, and soleus of the subjects with impaired neuromuscular systems were significantly higher than for the control subjects (138) . Investigations of the viscoelastic properties of skeletal muscle showed that in a study involving 9 patients with active myositis and 9 age-and gender- matched controls, the stiffness of the vastus medialis was lower in the patients with myositis than in the healthy controls (139) , and that in a study of the shear wave attenuation coefficient for 14 control subjects, 6 subjects with myositis, and 7 subjects with hyperthyroid myopathy, the attenuation was found to be larger in the diseased muscles than it was in healthy muscle (140) . Furthermore, it was reported that in the 4 hyperthyroid patients who were retested, the mean attenuation coefficient of these patients decreased posttreatment to values closer to that of healthy muscle. In a study of 5 hyperthyroid patients imaged before and after treatment and 5 control subjects, the stiffness of the relaxed vastus medialis muscle in the patients examined before treatment was lower than for the healthy controls, and their mean muscle stiffness increased to within the range of the healthy subjects after treatment (141) . In a preliminary report focused on the study of myofascial pain and fibromyalgia, the stiffness of the upper-trapezial taut band in 4 women with myofasical pain was determined to be higher than in the region surrounding the taut bands, the unaffected contralateral trapezious muscle, and the mean value from a cohort of 4 healthy control subjects (142) , a finding in agreement with a recent study involving vibration sonoelastography to assess myofasical trigger points (129) .
Recent developments in the area of muscle MRE have also included several technical developments that may eventually provide clinical utility in the future. In one such study, MRE of the tongue and soft palate was performed in 7 healthy volunteers (mean age: 25.4 years) (143) . Motion was produced at 80 Hz by means of electromechanical voice coils attached to a bite bar equipped with a custom-fit mouth guard. The results of their study indicated that at 80 Hz, the mean stiffness of the tongue and soft palate for their subjects was similar (storage modulus: 2.67 6 0.29 and 2.53 6 0.31 kPa, respectively; loss modulus: 0.85 6 0.07 kPa and 0.90 6 0.22 kPa, respectively). A preliminary follow-up study involving 5 patients with severe obstructive sleep apnea (OSA) and 5 normal subjects indicated that the storage and loss moduli of the tongue are lower in OSA patients (storage modulus: 1.47 6 0.97 versus 2.72 6 0.40 kPa, P < 0.05; loss modulus: 0.54 6 0.31 versus 1.03 6 0.14 kPa, P < 0.05) whereas the properties of the soft palate were not significantly different (storage modulus: 1.59 6 0.92 versus 2.12 6 0.91 kPa, P > 0.05; loss modulus: 0.49 6 0.29 versus 0.15 6 0.48 kPa, P > 0.05) (144) . In other studies, the in vivo anisotropic properties of skeletal muscle have been explored with MRE which may provide a more accurate description of muscle mechanical properties, and thus better metrics to gauge the changes in muscle due to various diseases. In one study of the biceps of 5 healthy volunteers, a transversely isotropic elasticity model was used to estimate the perpendicular and parallel shear moduli of the biceps to be 5.5 6 0.9 kPa and 29.3 6 6.2 kPa, respectively (145) . In a more recent study by the same authors, their model of the anisotropic properties of muscle was used to design a multifrequency MRE acquisition for measuring the parallel shear modulus of the femoral muscles (146) . They collected data at 4 frequencies of motion (25-62.5 Hz) in 7 volunteers while relaxed and during isometric contraction of the muscles. The complex shear moduli were then fit to a spring-pot viscoelastic model. The results indicated that the muscle elasticity and structure parameters both changed from the relaxed to the contracted state (2.68 6 0.23 to 3.87 6 0.50 kPa and 0.253 6 0.009 to 0.270 6 0.009, respectively).
An example of an alternative application of MRE that can use techniques similar to muscle MRE is imaging the stiffness of the plantar fat pads of diabetic patients (147) . In this study of 12 normal volunteers and 4 patients with diabetes imaged with 3D MRE and inverted using a finite-element technique, the heel fat pads of the patients were found to be stiffer than those of the normal volunteers (5.26 6 0.56 kPa versus 4.85 6 0.56 kPa). MRE motionencoding techniques have also been used to develop the means to examine the connectivity of adjacent tissues. One initial investigation focused on looking at the scattering properties of shear waves across material boundaries to glean information about the degree of connectivity at the boundary (148) . Another study looked at visualizing the presence of slip interfaces between tissues (i.e., regions in which adjacent tissues are free to slide past each other rather than being fixed to each other) using the differential amounts of motion occurring on either side of tissue boundaries to produce intravoxel signal attenuation at the boundaries (149) . In this latter work, examples were shown of imaging the boundary between the peritoneal wall and small bowel, the transversus abdominus and oblique muscles, and between the functional compartments of the forearm flexor and extensor muscles. One of the potential uses for these techniques would be for the visualization of abdominal adhesions which can develop after surgery and cause significant health problems. In another application, a technique for imaging the functional components of the extrinsic flexor muscles of the forearm (regions that are indistinct anatomically but have selective functional activation) was demonstrated in which individual fingers were selectively vibrated to produce localized motion within the associated flexor muscles (150) . This technique could help to identify these regions of the muscles for anatomic and physiology studies, for example, which require placing electromyography probes and quantifying tendon excursions.
MRE OF THE BRAIN
Another promising recent development for MRE is for the assessment of the mechanical properties of the tissues of the central nervous system (CNS), specifically the brain (151) . Knowledge about brain tissue mechanical properties is important for understanding the mechanics of brain injury, development, and pathophysiology and could provide insight into a myriad of conditions. While, conventional MRI has provided significant contributions for the evaluation of diseases such as multiple sclerosis (MS) and Alzheimer's disease (AD) (152) (153) (154) (155) (156) , our understanding of these conditions could be improved given more information about the mechanical changes of the tissue that accompany the neurodegeneration, demyelination, or plaque and tangle development that occurs during the onset and progression of these diseases. Similarly, MRI has demonstrated great success in classifying brain neoplasms and imaging their structure and that of the surrounding anatomy (157) (158) (159) . However, more information is still necessary to guide physicians in the pre-and posttreatment management of these tumors (160) . Measuring and monitoring the mechanical properties of tumors and the surrounding brain tissue could provide valuable information about the tumors and their response to treatment. In the case of a condition like hydrocephalus, the visible abnormal changes in the tissue can be caused by changes in the mechanical properties of the brain, such as the ventricular compliance (161) ; changes which may be discernable with a technique capable of measuring brain tissue stiffness.
The brain is protected and isolated by the cranium, so little is known about the in vivo quantitative mechanical characteristics of healthy brain tissue and how these properties change due to different diseases. A significant amount of work has been done on ex vivo specimens and in animal models (including MRE studies of mouse, rat, feline, and porcine brain tissue) (43, (162) (163) (164) (165) , but the in vivo properties of human brain tissue are still a mystery. Because ultrasound does not transmit easily through the skull, in vivo ultrasound elasticity imaging of the brain is currently limited to intraoperative procedures (166) . As summarized by several authors, studies of the biomechanical properties of brain tissue have involved significant variations in tissue type, animal species, and experimental conditions, which makes comparing results from different studies challenging (167) (168) (169) . These results have led to significant variations in the reported stiffness of brain tissue, and even conflicting reports as to whether white matter is stiffer or softer than gray matter. Many of the techniques researchers have used to study brain tissue properties have required either in vitro or invasive analysis. MRE, on the other hand, offers a unique opportunity to study these properties in vivo and noninvasively. Preliminary work with MRE has produced measurements of healthy brain tissue properties using several different approaches as well as assessments of changes in brain tissue properties due to AD, MS, normalpressure hydrocephalus, and cancer.
In a study by Kruse et al, involving 25 healthy subjects ranging from 23 to 79 years of age using 100-Hz mechanical vibrations and a 2D inversion of the MRE wave data, the stiffness of white matter was determined to be significantly larger than for gray matter (13.6 kPa versus 5.22 kPa, P < 0.0001) and no significant variation in brain stiffness with age was observed (168) . Green et al found in an investigation involving 5 healthy subjects imaged with a 3D MRE protocol using 90-Hz vibrations that gray matter was stiffer than white matter (3.1 kPa versus 2.7 kPa, P ¼ 0.02) (170) . Using a similar technique with 80-Hz vibrations, it was shown that the stiffness of the cerebellum in normal subjects is significantly lower than the stiffness of the cerebrum (storage modulus: 1.72 6 0.15 versus 2.22 6 0.28 kPa, P < 0.001; loss modulus: 0.95 6 .14 versus 0.99 6 0.25 kPa, P > 0.4) (171) . In a larger study involving 55 healthy subjects (23 females and 32 males of various ages), a multifrequency MRE technique was used to measure the complex shear modulus at frequencies from 25 to 62.5 Hz (Fig. 6) , which was then fit to a spring-pot viscoelastic model. By treating the various brain tissues as having the same material properties, Sack et al. detected that the viscoelastic parameter in their model declined with age at a rate of approximately 0.8% per year (P < 0.001) (172) (Fig. 7) . Furthermore, they found that the brain stiffness of their female subjects was elevated compared with their age-matched male counterparts. In a follow-up study involving 45 MS patients with mild relapsing-remitting disease course and 34 ageand gender-matched control subjects, a similar difference was found between the brain stiffness of their male and female subjects, and they also found that the brain tissue in the MS patients was significantly softer (by approximately 13%) than in the healthy subjects (173) . In another follow-up study, 17 MS patients and 42 age-and gender-matched control subjects were studied to assess the effect of MS on brain stiffness and volume. The observed decrease in stiffness for the MS patients compared with the healthy subjects (17%) was a significant predictor of the disease (P < 0.0001) whereas the decrease in total brain volume (5%) due to demyelination and neuronal degradation was not significant (P ¼ 0.021) (174) . This same methodology has also been applied recently to the study of normal-pressure hydrocephalus (NPH) (46, 175) . In those studies, multifrequency MRE was performed on 20 patients (8 male, 12 female) with primary (n¼14) and secondary (n¼6) NPH (mean age: 71 years) before and after shunt placement and 25 healthy volunteers (10 male, 15 female; mean age: 62.1). The results showed that the brain tissue of the NPH subjects was approximately 25% softer than for the healthy subjects (P < 0.001) and that the tissue structure parameter in their model was approximately 10% lower in the NPH subjects (P < 0.001). 3 months posttreatment, the pre-and postshunt brain stiffnesses were not significantly different. However, the tissue structure parameter increased postshunt and was not significantly different from the value for the control subjects. In a preliminary study of 7 patients with probable AD, 14 age-and gender-matched PIBcognitively normal controls, and 7 age-and gendermatched PIBþ cognitively normal controls (PIB being an amyloid PET tracer indicating the presence of bamyloid, a hallmark of AD), the median brain stiffness of the AD group was significantly lower than for the cognitively normal groups, and the cognitively normal groups were not significantly different from each other (176) . All of these results suggest that MRE may be a useful tool for studying diffuse changes in brain tissue mechanics due several diseases.
Preliminary reports of the application of MRE for studying focal brain diseases have included studies of tumors and response to stroke. In one study of the mechanical properties of brain tumors, 6 patients with 6 known tumors were imaged with MRE and the relative stiffness of the tumors with respect to the white matter in each subject was compared with the neurosurgeon's report of the tumor consistency after surgical resection (177) . The MRE and intraoperative assessments of tumor stiffness agreed with each other in all cases. Specifically, 1 transitional meningioma was found to be soft, 2 fibrous meningiomas were found to have intermediate stiffness, and the other 3 lesions were found to be stiff (a shwannoma, a Figure 7 . Changes in brain tissue mechanical properties with age and gender in an MRE study of 55 healthy subjects (23 females, 32 males). a: The viscoelastic modulus obtained from a spring-pot model of multifrequency MRE data shows a decline in brain tissue stiffness at approximately 0.8% per year with female brain stiffness being slightly higher than the age- hemangiopericytoma, and a transitional meningioma). In a feasibility study investigating the use of MRE for assessing the impact a stroke has on brain tissue mechanical properties, multifrequency MRE was performed on a patient 4 days after a left/right middle cerebral artery (MCA) territory infarction (178) . In this subject, both the storage and loss shear moduli (i.e., stiffness) at each frequency were lower in the stroke region than they were in the unaffected parenchyma.
One of the primary challenges with conventional dynamic MRE for brain imaging is introducing the mechanical vibrations into the brain. Several techniques have been developed over the years to do this, including bite bars, actuators placed under the head, and devices that vibrate a holder the head rests in (10, 16, 168, 170, 172, 179) . To further improve patient comfort and to reduce the complexity of brain MRE hardware, researchers have pursued alternative ways of producing the brain tissue motion necessary for MRE. In one early study, a subject was asked to hum during an MRE scan and a nasal cannula connected to a microphone was used to detect the pitch of the vocalization and that measured waveform was used in a feedback circuit to produce matched motion-encoding gradients in a local gradient coil (180) . Motion throughout the brain was readily visible due to this intrinsic source of vibration. In a different study, vibrations transferred to the brain due to the vibration of the scanner table produced by the application of large gradients in the imaging sequence, such as those normally used for diffusion-weighted imaging, were used to estimate gray matter and white matter stiffness in a healthy volunteer (5-10 kPa and 15-30 kPa, respectively) (181) . Several other methods have been used to image the intrinsic motion of the brain that occurs due to vascular and CSF pulsation during the cardiac cycle to provide a means for assessing brain motion and brain tissue mechanical properties (182) (183) (184) (185) (186) . In one such study, a cardiac-gated velocity-encoding imaging sequence (VENC ¼ 1 cm/s) was used to image this intrinsic motion of the brain in 5 healthy volunteers (183) . The resulting displacement fields were fit to a basic damped wave propagation model to determine the wave propagation speed in the tissue and thus the tissue stiffness and they obtained a mean stiffness of 4.7 6 3.6 kPa for the 5 volunteers. In another study, a cine DENSE EPI acquisition was used to measure this pulsatile motion in a patient with a meningioma (184) . The displacement data were used to calculate the internal strains occurring in the tissue and showed that the tumor could be distinguished as a region with lower strain than the surrounding brain tissue, indicative of the tumor being stiffer than the adjacent tissue.
CARDIAC MRE
Significant work has been done over the years to understand and model the mechanical function of the heart. Cardiac disease is a primary cause of death in the United States and conditions like diastolic dysfunction and hypertension can cause and be caused by changes in the mechanical properties of cardiac tissues (187, 188) . The current gold standard for the assessment of cardiac mechanical properties comes from the use of pressure and volume measurements of the heart during the cardiac cycle (189) . This information can be used to derive global estimates of the properties of the left ventricular myocardium. Several ultrasound and MRI techniques have been developed to directly image the motion of cardiac tissue and to use that information to assess heart function and to calculate relative measures of tissue mechanical properties (e.g., strain) (190) (191) (192) (193) (194) (195) (196) . The application of these techniques is somewhat limited because these relative values are not comparable between individuals, and some of these techniques only yield global estimates of tissue properties, which may not be useful for studying localized pathologies like infarcts. Other work has focused on developing high-frame-rate ultrasound imaging systems capable of imaging the rapid, transient, intrinsic mechanical vibrations within the heart during the cardiac cycle and using that information to calculate quantitative mechanical properties of cardiac tissues (197) (198) (199) .
While work has been done to develop some of these qualitative MR techniques into quantitative ones (e.g., Wen et al) (200) , several quantitative and qualitative MRE techniques are being evaluated for use in studying cardiac tissue mechanical properties as well. In one implementation of cardiac MRE, wave propagation in the interventricular septum (IVS) due to 48.5-Hz mechanical vibrations applied to the chest wall was imaged with a bSSFP MRE acquisition (201) . In their volunteer, the average shear wave speed over the cardiac cycle was 2.5 m/s (i.e., a shear stiffness of approximately 6.25 kPa). In a different form of cardiac MRE, shear wave amplitude variations throughout the heart during the cardiac cycle are used to provide relative measures of tissue stiffness and ventricular pressure (202) (203) (204) (205) (206) . In this application, mechanical vibrations at 24.3 Hz are applied to the chest wall and the resulting wave propagation in the heart is measured in the left ventricle with a cine GRE MRE acquisition. In one report, the shear wave amplitude was approximately 2.45 times higher in the left ventricle in diastole than in systole in their 6 healthy volunteers, which their model predicted corresponded to approximately a 36-fold-higher stiffness of the myocardium in systole compared with diastole (202) . This information can also be used to estimate left ventricular pressure during the cardiac cycle and may be useful as a surrogate to invasive pressure measurements for the construction of the pressure-volume (P-V) loops often studied in cardiac MR (203) . In a follow-up study of 11 young healthy subjects, 5 older healthy subjects, and 11 subjects with echocardiographically proven relaxation abnormalities (mean age: 31.7, 54.8, and 58 years, respectively), the mean wave amplitude in the left ventricle and the mean ratio of the wave amplitude in the left ventricle to the amplitude in the anterior chest wall were both significantly lower in the patient population than in the healthy subjects (205) . This suggests that it may be possible to use MRE to diagnose patients with myocardial relaxation abnormalities. In a preliminary animal study of three pigs comparing wave-amplitude MRE and invasive ventricular pressure measurements, a significant correlation between the two measurements was found which further supports the idea that MRE can be used as a tool for noninvasively assessing the mechanics of the left ventricle (204) .
In two other cardiac MRE methods, shear wave displacement fields measured in the heart are inverted to provide quantitative estimates of tissue stiffness throughout the cardiac cycle. In one of these studies, the authors demonstrated a cine GRE technique for performing MRE in vivo and measured the myocardial stiffness in 5 healthy volunteers and found that the stiffness varied from 6.5 to 8.7 kPa in diastole to 8.3 to 11.3 kPa in systole (207) (Fig. 8) . In other studies by the same authors, the technique was used to collect displacement information during the cardiac cycle which was used to derive stiffness estimates of the myocardium that were shown to correlate with invasive measurements of the left ventricular pressure and standard P-V loops in a study of 6 healthy pigs (208) ( Fig. 9 ) and end-diastolic left-ventricular pressure was found to correlate with stiffness in a study to 4 pigs infused with Dextran-40 to assess cardiac tissue stiffness changes with pressure with minimal effects due to active contraction (209) . In these current studies, the direct relationship between myocardial stiffness and ventricular pressure varies significantly from subject to subject, so determining a single relationship between the two that will allow stiffness measurements to replace pressure measurements is an ongoing area of research. In the other direct-inversion MRE technique, a DENSE MRE imaging Figure 9 . Cardiac MRE performed in vivo in a normal pig as described in Kolipaka et al. (208) . The pig was imaged in the supine position with a pneumatic drum driver operating at 80 Hz placed above the heart. Data were acquired in a short axis view of the left ventricle while simultaneous measurements of the left ventricular pressure were made. Volume measurements of the left ventricle were performed using separate multislice cine bSSFP acquisitions of the heart. The figure shows the stiffness, pressure, and volume measurements indicating that the measured stiffness correlates well with the changes in ventricular pressure during the cardiac cycle and suggesting that noninvasive stiffnessvolume curves obtained with MRE may provide similar information about cardiac function as invasive pressure-volume measurements. sequence was demonstrated using 2 healthy volunteers to measure displacement and stiffness changes at various points in the cardiac cycle (210, 211) . In that study, myocardial stiffness increased from approximately 10 kPa in diastole to approximately 25 kPa in systole. So far, the in vivo applications of MRE for assessing cardiac mechanical properties are preliminary, but the prospect of determining ventricular pressure, myocardial stiffness, and cardiac dysfunction information in vivo noninvasively is exciting.
SUMMARY
This review has highlighted several existing and emerging applications for MR elastography. These have included techniques to (i) replace the need for invasive procedures like biopsies and ventricular pressure readings, (ii) provide supplemental information about tissue properties to improve disease diagnosis, and (iii) change our understanding of the pathobiology of certain diseases. The future will offer significant developments in terms of both the technology for performing MRE, as well as the breadth of clinical applications for which it is used.
